Abstract-Closed-form analytical solutions are derived for accurate microwave dielectric characterization of rod test specimens inserted into dielectric sleeve resonators placed centrally in a metal cavity. Low-loss sleeve resonators can be used advantageously for multiple frequency measurements of the same specimen and may be employed for accurate dielectric characterization of high-permittivity specimens having dielectric loss factors greater than 0.001. Uncertainty relations for permittivity and dielectric loss are also shown, which demonstrate that when sample electric energy filling factors are greater than 0.4, relative uncertainties in measured permittivity and dielectric loss tangent are less than 1% and 4%, even for relative permittivities greater than 600. Example measurements are given that illustrate how this dielectric resonator system can be employed for dielectric characterization of ferroelectric materials at temperatures both near or far from their Curie temperatures.
I. INTRODUCTION
U SE of a specimen as a dielectric resonator is a commonly used approach for accurate complex permittivity evaluation of low-loss materials [1] - [17] . Dielectric resonator techniques, when applicable, generally provide higher accuracies than other resonator methods because specimen partial electric energy filling factors for appropriately chosen mode structure and practically sized samples are greater. Specimen partial electric energy filling factors are often 30 to 100 times those in cavity measurement systems [18] - [20] . A number of different dielectric resonator system configurations have been developed in recent years, each with their specific advantages for either constrained specimen sizes, high real permittivity, low-loss characteristics; or even high real permittivity, relatively high-loss characteristics. We will address the use of a dielectric sleeve resonator system loaded with a rod specimen and placed in a cylindrical cavity.
Low-loss dielectric ring resonators have been employed in the design of a variety of microwave components and subsystems, such as filters and oscillators [21] - [26] because of their superior characteristics of high , enhanced mode separation (as compared with dielectric cylindrical resonators), temperature stability, low manufacturing cost, miniaturization, and compatibility with microwave integrated circuits. However, Manuscript received May 11, 2001 ; revised February 25, 2002 . This work was supported in part by the Defense Advanced Research Projects Agency.
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Publisher Item Identifier S 0018-9456(02)04305-X. they also may be utilized for accurate dielectric measurements at microwave frequencies. First, they can control the nominal resonant frequency at which dielectric characterization of an inserted rod specimen is performed. Thus, with the use of several low-loss ring resonators, the dielectric properties of a single specimen may be evaluated at several discrete frequencies. Second, if the specimen's loss characteristics are not known and are relatively high, this approach often permits an accurate loss determination since the unloaded Q-factor of the composite system may be measurable when that of the specimen as a single dielectric resonator is not. Third, smaller test specimens are required at low frequencies for characterization. The placement of the loaded sleeve resonator system in a cylindrical cavity permits ready variable-temperature dielectric characterization of the rod specimen provided the dielectric characteristics of the sleeve resonator and conductive losses of the enclosing cavity have been accurately determined.
II. DIELECTRIC SLEEVE RESONATOR IN CAVITY
The dielectric sleeve resonator system is illustrated in Fig. 1 . The sample has complex relative permittivity and complex relative permeability , where and are the dielectric and magnetic loss tangents of the U.S. Government work not protected by U.S. copyright.
specimen. The sleeve resonator is characterized by and . In general, the electromagnetic wave equation to be solved in cylindrical coordinates, subject to boundary conditions, is given by (1) where is the wavenumber in the medium, is the radial wavenumber, is the -directed propagation constant, is the radian frequency, and are the free space permittivity and permeability (8.854 10 F/m and 10 H/m), and represents either the axial electric field, (for TM-or E-modes), or the axial magnetic field, for TE-or H-modes). Once and are obtained as solutions of the wave equation, all other components can be obtained from Maxwell's equations (2) Typically, the TE modes are most useful in dielectric measurements because there exists no capacitive coupling between either the sleeve resonator or dielectric specimen and the upper or lower conductive end plates of the cavity. The enclosing cylindrical cavity also allows minimal dimensional changes in the positions of the upper and lower cavity end plates in variable temperature measurements that could potentially affect TE resonant mode structure in the composite dielectric resonator system. In the following, both the dielectric sleeve resonator and specimen under test are isotropic. (12) where (13) and (14) The first zero of (12) for corresponds to mode resonance for a given aspect ratio 2 of the sample, inner and outer diameters 2 and 2 of the sleeve resonator of height , enclosing cavity diameter 2 , and specimen real relative permittivity . This equation may be used for predicting resonant frequencies for a loaded sleeve dielectric resonator or for evaluating permittivity of inserted rod specimens when identified frequencies, sleeve permittivity, and sleeve and rod specimen geometries are known.
A. Permittivity Evaluation

B. Dielectric Loss Tangent
The dielectric loss tangent of the specimen under test is evaluated from the expression (15) where is the unloaded Q-factor, is the sample quality factor, and parasitic losses are given by (16) where and are the electric energy filling factors of the sleeve resonator and the specimen and are conductor losses. The subscript denotes the electric, as opposed to magnetic, filling factor and loss. Exact expressions are needed for the field components for evaluating the partial electric field energy filling factors of the specimen and sleeve, as well as conductor losses. These are requisite for the determination of specimen dielectric loss tangent. From continuity conditions (17) (18) where (19) (20) and (21) Neglecting the subscript on , the field components for the sample region are (22) (23) (24) For the sleeve resonator region, the field components are (25) (26) (27) For the region exterior to the composite dielectric resonator within the cavity, the field components are
In general, is given as , where represents the total electric field energy in the resonant system and represents all power losses in the resonant system. The total electric field energy consists of that stored in the specimen,
, that in the sleeve resonator, , and that in the region exterior to the composite dielectric resonator in the cylindrical cavity, . The total power losses are those dissipated in the dielectric specimen, , in the sleeve resonator , and in the cavity metal walls , which include both cavity endplates and the cylindrical cavity wall. In order to determine individual electric field energy filling factors in specimen and sleeve, we must determine the electric field energy stored in each region relative to the total electric field energy in the resonant system. The maximum electric field energy in a homogeneous, isotropic specimen is twice the time-average stored electric energy in the specimen and can be written (31) Similarly, the electric field energy stored in the homogeneous, isotropic sleeve resonator is (32) Lastly, the energy stored in the cavity region exterior to the sleeve is (33) Hence, the total electric field energy in this resonant system is Similarly, the electric field partial filling factor in the sleeve resonator is (39) so that the dissipative losses in the specimen, , and in the dielectric sleeve resonator, , are determined. Conductor losses, , remain to be evaluated, and consist of top and bottom endplate and cavity cylindrical wall losses. The cavity quality-factor at resonance is given by (40) where is the power loss in the top end plate, is power loss in the bottom end plate, and is the sidewall cavity losses. In our resonant system, the metals used in both endplates and cavity sidewall are the same and have the same uniform, isotropic conductivity. At microwave frequencies, the power loss may generally be approximated using the real part of the equivalent surface impedance. For normal metals the surface impedance is (41) where is the plane-wave skin depth and is the conductivity. The surface resistance is (42) so that the power loss in the conducting cavity, which limits the cavity Q-factor, is given by (43) where represents the tangential magnetic field at the cavity internal conductive surface responsible for the surface current . The sum of the top and bottom end plate conductor losses in the cavity are therefore
The power dissipated in the cavity sidewall is
After some manipulation, we find the conductor losses (46) where is the geometric factor given by
and (50) The integrals , , and may be evaluated in closed form and are given in the Appendix.
C. Dielectric Sleeve Resonator Without Sample
The first step in experimental evaluation of specimen permittivity and loss is to determine the real permittivity and dielectric loss of the sleeve resonator. For this case,
and . An exactly analogous procedure as that used above for a loaded sleeve resonator may be employed in deriving the eigenvalue equation for the dielectric sleeve resonator without specimen loading, positioned centrally in a cylindrical cavity. For the empty sleeve resonator case, the eigenvalue equation becomes (51) where (52) and (53) III. MEASUREMENTS An example of a dielectric sleeve resonator system for performing variable-temperature measurements on high-permittivity ferroelectric materials at UHF frequencies close to 1 GHz is shown in Fig. 2 . A low-loss, commercially available dielectric sleeve resonator was fabricated and placed inside a metal cavity for variable-temperature measurements. The -mode resonant frequency of the system without specimen is determined by the permittivity and aspect ratio of the dielectric ring resonator. The permittivity and dielectric loss tangent of a rod specimen is then evaluated by measuring the differences in resonant frequency and unloaded Q-factors for the mode with specimen inserted versus without insertion. Adjustable rf coupling loops are used so that the measured (loaded) Q-factor is essentially the same as the unloaded Q-factor for the 2-port system in transmission. In other words, the adjustable coupling loops permit a critically undercoupled system so that no corrections need be performed for aperture coupling losses. Typical diameters and heights of rod-shaped specimens are 10 mm and 45 mm for the measurements reported here. The entire resonant system is then placed into an environmental chamber illustrated in Fig. 2 . The average time needed to attain 1 Ctemperature stability is 2 h for each measurement temperature. Use of easily identified -mode structure allows no capacitive coupling between the specimen and the cavity end plates. Hence repeatable measurements can be performed with disassembly and reassembly of the cavity.
Variable-temperature measurements were first made at UHF frequencies (942 MHz) on the dielectric sleeve resonator without sample insertion. These measurements, taken between 20 C and 140 C are shown in Figs. 3 and 4 . The sleeve resonator has a real relative permittivity and dielectric loss tangent of and 10 10 , respectively, at 20 C. The internal and external diameters of the sleeve are 10 mm and 60 mm and the height of the sleeve was 45 mm. The diameter of the cavity was 100 mm. The sleeve resonator exhibited a temperature coefficient with respect to resonant frequency, , that was close to 0 ppm C. The measured unloaded Q-factor of the empty dielectric sleeve resonator decreases as temperature increases over this temperature range, almost by 20%, and must be taken into account in measuring dielectric losses of the ferroelectric specimens. Measured resonant frequencies and unloaded Q-factors with various ferroelectric sample insertions are given in Figs. 5 and 6. As temperature increases for the specimens tested, the resonant frequency shift decreases and unloaded Q-factor increases. This occurs because dielectric measurements are being taken further away from the Curie temperature that defines the ferroelectric/paraelectric state of the tested specimen. Evaluated real relative permittivities and dielectric loss tangents for these example materials are shown in Figs. 7 and 8. In Fig. 8 the variable-temperature and variable-frequency conductor losses were taken into account, as was the variable-temperature characteristics of the sleeve resonator. 
IV. UNCERTAINTY ANALYSES
The rms systematic relative uncertainty in evaluation of the specimen's real permittivity, assuming negligible gaps between sample and sleeve and negligible uncertainties in the height of specimen and sleeve, is given by (54) where the weight sensitivity functions of the respective relative uncertainties in , , , and are given by (55)
The rms systematic relative uncertainty in the specimen's dielectric loss tangent may similarly be given in terms of the relative uncertainties of the sample and sleeve partial electric filling factors, the surface resistance of the enclosing cavity, the geometric factor, the loss tangent of the sleeve resonator, and the system unloaded Q-factor; that is 
and (60) The uncertainty in the diameter of the sleeve resonator and real permittivity of the sleeve resonator dominate the uncertainty in the measured permittivity of the specimen for dimensional uncertainties of 0.01 mm and for uncertainty in frequency of 1 kHz. The sensitivity of the uncertainties in radius 2 and in become significantly larger for specimen relative permittivities less than 300, as shown in Fig. 9 . This is simply explained by the partial electric energy filling factors illustrated in Fig. 10 . For specimen real relative permittivities less than 300, the fractional electric field filling factor in the sample is less than 0.1 with accompanying higher uncertainties in for the chosen sleeve geometry and typical uncertainties in geometry and in . Total relative uncertainties in evaluated specimen permittivity for various values of test specimen permittivity are given in Fig. 11 . To decrease the uncertainty in measured for , specimen diameters should be increased so that is greater than 0.1. Total uncertainties in dielectric loss tangent are dominated by uncertainties in measured unloaded Q-factor, sample partial electric energy filling factor, and to a lesser extent, the uncertainties in sleeve resonator loss tangent and cavity conductor losses for greater than 300, as shown in Fig. 12 . In this case, milliohm, , 10 and . For less than 300, total uncertainty in sample loss tangent is mostly affected by relative uncertainties in measured , and . Total relative uncertainties in specimen loss tangent for the given sleeve resonator system as a function of test specimen permittivity are given in Fig. 13 .
V. SUMMARY
Low-loss dielectric sleeve resonators can be used for accurate dielectric property measurements of high-permittivity materials. Use of multiple sleeve resonators or higher-order resonant modes permit wider bandwidth characterization of the same specimen. The nominal measurement frequency is controlled by the sleeve dimensions and permittivity. For specimen fractional partial electric energy filling factors greater than 0.5, relative uncertainties in permittivity are less than 1%, even for relative permittivities as high as 1000, with typical dimensional uncertainties as high as 0.01 mm and with an uncertainty in the sleeve permittivity of 0.5%. Uncertainties in dielectric loss tangent critically depend on the uncertainties with which the variable-temperature and variable-frequency sleeve loss tangent and surface resistance of the enclosing cavity are determined, as well as the uncertainty in the unloaded Q-factor.
APPENDIX
A. Evaluation of Integrals , , and
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